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Abstract:  Salt marshes and tidal flats contribute valuable ecosystem services, 
by providing habitats, storing pollutants and reducing flood and erosion risk in the 
coastal hinterland. However, salt marsh areal extent is decreasing both globally 
and regionally (e.g. in Northwest Europe). While we know that salt marshes are 
retreating, this could be occurring due to biological, geochemical and geotechnical 
properties of the marsh and tidal flat, and/or due to changes in hydrodynamic 
forcing. Until now, very few studies have assessed how substrate geotechnical 
properties influence both the erosion processes and the erodibility of the marsh 
edge and tidal flat surface. Here, we compare frictional and cohesional strength 
components at two hydrodynamically-similar but sedimentologically-different salt 
marshes and tidal flats in the UK. As such, we assess how sediment composition 
and behavior may influence marsh resistance to hydrodynamic forcing. 
 
Introduction 
Salt marshes sequester carbon (McLeod et al. 2011), store pollutants (Crooks et 
al. 2011) and provide habitats (Barbier et al. 2011). Marshes and tidal flats also 
attenuate incoming hydrodynamic energy (Möller et al. 2014). As a result, 
where marshes and tidal flats exist seaward of a seawall, these landforms often 
constitute an important component of the flood protection plan, as the protection 
afforded by the sea wall also depends on the marsh width and elevation. This is 
known as a ‘hybrid’ engineering solution, or as nature-based coastal protection. 
However, marshes are declining both globally and regionally (Blankespoor et al. 
2014; Crosby et al. 2016; Spencer et al. 2016), so an ability to model future 
change in marsh extent is becoming increasingly important. While many studies 
have considered the hydrodynamic forces acting on marshes (Möller & Spencer 
2002; Leonardi & Fagherazzi 2014; Hunt et al. 2015), and the contribution of 
biology to marsh stability (Chen et al. 2017; Willemsen et al. 2018), few have 
assessed the role of substrate properties. Those studies which do assess marsh 
and tidal flat substrate erodibility (e.g. Crooks & Pye 2000; Howes et al. 2010) 
frequently rely on measures which quantify erosion thresholds for suspension of 
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particles in the field (Tolhurst et al. 1999) or in annular flumes in the lab 
(Widdows et al. 2000; Thompson et al. in press). While these provide important 
insights into substrate erodibility, and particularly the role of biofilms, research 
has highlighted that little sediment erosion occurs at the marsh surface (Kirwan 
et al. 2010; Spencer et al. 2015) but rather at the marsh edge, through processes 
such as cliff undercutting and gravitational slumping (Allen 2000; Mariotti & 
Fagherazzi 2013; Leonardi et al. 2018). As such, it is likely that models 
simulating salt marsh change under different future climate forcing scenarios 
could be improved, by using erodibility coefficients which are based on 
measured geotechnical and sedimentological properties. 
The application of geotechnical methods (Terzaghi et al. 1996) to assess the 
physical composition and behavior of a substrate is used here to determine key 
geotechnical properties and behavior that may influence the stability of salt 
marshes and their resilience to erosion. These methods include the measurement 
and analysis of shear strength, in terms of their Mohr-Coulomb components of 
friction and cohesion. Therefore, the geotechnical analysis of salt marsh 
substrate properties and behavior is an important component that needs to 
inform future estimations of marsh extent resulting from environmental change.  
This research is thus of relevance to the quantification of nature-based coastal 
protection schemes in light of future alterations in climate forcing, such as shifts 
in storminess or an increased base water level due to sea-level rise. To undertake 
the geotechnical analysis, two UK sites were chosen.  
Field sites 
Tillingham Marsh, Essex 
Tillingham Marsh is an open coast marsh on the Dengie Peninsula, Essex, UK 
(Fig.1) with a Mean Spring Tide Range of 4.8m (Reed 1988). Möller & Spencer 
(2002) recorded water depths of 0.12-0.84 m and mean (maximum) significant 
wave heights of 26 (86) cm from September 2000 to July 2001 at the vegetated 
marsh edge. Relative sea-level rise is estimated at 2-3 mm yr
-1
 (Burningham & 
French 2011) which, compounded by coastal ecosystems and local geomorphic 
setting (see Spencer et al. 2014), may intensify storm surge impacts. Tillingham 
Marsh vegetation includes, but is not limited to Aster tripolium, Salicornia spp., 
Puccinellia maritima, Elymus athericus, Atriplex portulacoides and Spartina 
anglica  (Möller, 2006; Rupprecht et al. 2015). The marsh is ungrazed, silt-
dominated and has an above ground biomass of 0.27± 0.15 kg dry weight m
-2
 
(Ford et al. 2016). 
The marsh-mudflat transition is characterized by well-developed shore-normal 
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ridge-runnel morphology (Möller 2006). Over the past 100-150 years, the marsh 
has demonstrated dynamic behavior, with evidence of advancing and retreating 
phases (Harmsworth & Long 1986; Pye 2000). However, the past ca. 40 years 
have been dominated by lateral retreat, which has occurred despite vertical 
accretion (Callaway et al. 1996; Evans 2018). 
Warton Marsh, North Lancashire 
Warton Marsh is an open coast marsh in the East of Morecambe Bay, north-west 
England (Fig. 1). The marsh edge cliff at Warton is approximately 2 m high and 
the marsh is dominated by Puccinellia maritima, particularly at the marsh edge. 
The marsh is sand-dominated, has an above-ground biomass of 0.09 ± 0.21kg 
dry weight m
-2
 and is grazed by sheep, with about 4-5 sheep per hectare (Ford et 
al. 2016). In Morecambe Bay the Mean Spring Tide Range is 8.4 m (Allen 
1989) and, due to isostatic rebound, relative sea-level is still falling at a rate of 
0.69 mm yr
-1
 (Shennan & Horton 2002). Since 1845, Morecambe Bay marshes 
have undergone alternating phases of erosion and expansion within an overall 
trend of increasing marsh extent (Gray 1972). The dynamic behavior of these 
marshes may relate to channel shifts within the Bay (Pringle 1995). 
 
Fig. 1: Marsh and tidal flat sites at Tillingham Marsh (blue dot on inset) and Warton marsh (red dot 
on inset). Basemap uses OS (2018). Red line shows Warton cliff position surveyed in June 2018. 
Methods 
Class 1 undisturbed geotechnical samples (200 mm x 200 mm x 100 mm) were 
extracted from Tillingham Marsh in September 2017 and from Warton Marsh in 
July 2018. Undisturbed samples were taken between 0-30 cm and 30-60 cm 
depth below ground level on each marsh, and at 0-30 cm depth on the tidal flat, 
in accordance with BS 5930:2015 (BSI 2015). Marsh sites were located within 
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50 m of the marsh edge (Fig. 1). To minimize disturbance during transport to 
the laboratory, samples were placed on trays and packed in Bubble Wrap
TM
. 
Upon return from the field, samples were refrigerated at 5°C, then sample color 
and composition was described following BS 5930:2015 (BSI 2015). 
Particle size data from Wood et al. (2015) was used for this study. Three 
replicate surface samples were taken from twenty two locations at each 
sampling site (Tillingham tidal flat, Tillingham marsh, Warton tidal flat, Warton 
marsh) in both winter and summer of 2013. Each sample was pre-treated with 
>30% w/v hydrogen peroxide overnight and then heated at 90°C in a water bath 
for two hours to remove organic matter. Samples were centrifuged and water 
was decanted, then 4.4% sodium hexametaphosphate was used as a 
deflocculating agent. Samples were analyzed using a Malvern Mastersizer 2000. 
The uniformity coefficient (Uc) was calculated from particle-size data, where: 
𝑈𝑐  = 𝐷60/𝐷10      (1) 
Undisturbed field samples for shear box tests were subsampled by trimming in 
the laboratory to fit a 100 mm x 100 mm x 20 mm shear box, and the test 
method followed BS 1377-7 (BSI, 1990). The shear rate for each test stage was 
dictated by T100 (time taken for 100% consolidation, assuming that primary 
consolidation continued throughout; Bishop & Henkel 1962). This ensured that 
the displacement rate remained slow enough to permit the dissipation of excess 
pore-water pressure, thus allowing the assumption of zero pore water pressure 
and constant normal effective stress, σn’, throughout each test. Relatively low 
normal stresses (σn) were applied to each specimen, with 10 kPa being applied 
to the first specimen, then 20 kPa and 40 kPa to the second and third specimens 
respectively. This typified effective stresses equivalent to 1 m, 2 m and 4 m 
water overburden, or approximately 0.5 m, 1 m and 2 m sediment overburden, 
respectively. For each specimen, peak shear strengths were plotted to construct a 
failure envelope determined by the Mohr-Coulomb equation: 
τf = c’ + σn’ tanφ’    (2) 
where: τf  = shear strength, c’ = effective cohesion, σn’  = normal effective stress, 
φ’ = angle of shearing resistance (internal friction angle). 
Ring shear samples were prepared from the trimmings of the second shear box 
specimen. Trimmings were sieved at 1.18 mm to remove roots and any larger 
particles, in accordance with BS 1377-7 (BSI 1990). As with the shear box test, 
the shear rate for each test stage was dictated by T100, to allow drainage. The test 
procedure followed that detailed in BS 1377-7 (BSI 1990) and was undertaken 
using the smallest possible normal stresses, resulting in a normal stresses of 14.4 
kPa, 26.6 kPa and 51.1 kPa for specimen one, two and three, respectively. As 
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the residual cohesion is assumed to be zero (Lupini et al. 1981; Tiwari & Marui 
2005), the residual strength was determined from: 
τr =  σn’ tanφr’     (3) 
where: τr = residual shear strength, σn’ = normal effective stress, φr’ = residual 
angle of shearing resistance (residual friction angle). 
Results 
Based on BS 5930:2015 (BSI 2015), the substrate at Tillingham was a very soft 
dark brown clayey silt with rootlets and lenses of clay. At Warton, the substrate 
comprised medium dense light greyish brown silty fine sand with rootlets and 
lenses of both clay and coarser sand. Particle size data denote that Tillingham 
marsh is composed of a Very Fine Sandy Medium Silt (d50=14.75 µm), while 
Tillingham tidal flat is comprises a Very Fine Sandy Very Coarse Silt (d50=46.7 
µm). Both the marsh and tidal flat at Warton consist of Very Coarse Silty Very 
Fine Sand (d50 of 66.1 µm and 89.7 µm, respectively). The particle size 
distribution (Fig. 2) at Tillingham marsh and tidal flat is platykurtic to 
mesokurtic (kurtosis=0.9-1.0 µm), while the distribution at Warton marsh is 
very leptokurtic (kurtosis=1.7 µm). Warton tidal flat has a kurtosis of 1.1 µm. 
The Uc at Tillingham was higher than Uc at Warton (Table 1). At both field 
sites, the d50 grain size on the tidal flat was coarser than that on the marsh, and 
grain size was coarser at Warton than at Tillingham (Table 1). 
 
Fig. 2: Particle size analysis for Tillingham and Warton tidal flat and salt marsh in both Winter and 
Summer. Data from: Wood et al. (2015). 
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Table 1: Median particle size (d50; in µm) and uniformity coefficient (Uc) at Tillingham 











Tillingham (d50) 40.8 52.6 14.8 14.7 
Warton (d50) 89.4 90.0 66.7 65.5 
Tillingham (Uc) 19.0 19.6 11.5 10.7 
Warton (Uc) 1.6 1.6 4.3 3 
Stress-strain curves from the shear box tests indicate that the substrate at both 
marsh sites exhibits elasto-plastic behavior. Mohr-Coulomb failure envelopes 
from the shear box tests suggest a low cohesional shear strength component (c’) 
at both sites, with all c’ values being below 7.0 kPa (Table 2). At both sites, c’ 
was lower on the tidal flat than the marsh. The peak angle of shearing resistance 
(φ’) ranged between 29.9° and 36.1° at Tillingham, but was slightly higher at 
Warton, ranging between 33.4° and 43.5° (Table 2). 
Table 2.  Friction angle, cohesional strength and residual friction angle at Tillingham and Warton, 
as determined by shear box and ring shear tests. 













φ’ (°) 35.3 29.9 36.1 43.5 36.1 33.4 
c’ (kPa) 2.1 5.7 0 6.6 6.8 2.9 
φr’ (°) 29.4 28.2 33.3 31.4 33.8 28.8 
φ’ - φr’ (°) 5.9 1.7 2.8 12.1 2.3 4.6 
* All values are given to one decimal place.    
The failure envelopes for the ring shear tests indicated that the residual angle of 
shearing resistance (φr’) was lower than φ’ at all sites (Table 2). The largest 
difference between φr’ and φ’ was at 0-30 cm depth on the marsh surface. 
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Discussion 
In all locations, the substrate exhibited elasto-plastic behavior. Therefore, the 
material required constant application of stress throughout the test to produce 
deformation. This suggests that, when undercut through tidal flat lowering and 
wave/tide action at the margin (in open coast settings) or through creek bank 
incision, the substrate would fail in a ductile manner, rather than by rapid, brittle 
failure. Although such marsh edge failure may produce block failures, these 
would likely continue to be partially connected to the marsh after initial failure, 
for example due to tensional strength provided by the roots. This agrees with 
Allen (1989) who noted the importance of the dense root mat near the surface 
which prevents tension cracks in the lower sequence from reaching the surface 
in Morecambe Bay. Examples of such features can be seen at the marsh edge at 
Warton (Fig. 3a). After continual scouring and erosion of the point of contact to 
the main marsh platform, these failed blocks may eventually become 
disconnected from the marsh platform, allowing new marsh edge substrates to 
be subjected to hydrodynamic forcing. The transition between the marsh and the 
tidal flat at Tillingham is characterized by mud-mounds, with little to no 
undercutting or marsh overhangs visible. It is possible that both the elasto-
plastic behavior of the surface substrate as well as slow rates of tidal flat 
lowering relative to the elevation of the marsh platform have contributed to the 
formation of this morphology. 
 
Fig. 3: (a) Failures along marsh edge at Warton marsh, North Lancashire. (b) Stratigraphy at the 
marsh sampling site at Warton. Photos: H Brooks. 
At both sites, c’ is low. For 0-30 cm at Tillingham Marsh and tidal flat, c’ and φ’ 
most closely represent a uniform, coarse, medium fine or silty sand (Hoek & 
Bray 1974). The lower φ’ at 30-60 cm depth at Tillingham Marsh may reflect a 
finer, dry sand. These classifications agree with surface particle size data, which 
showed the tidal flat to be composed of silt and sand, while the marsh was 
predominantly silt with some sand and very little clay (Fig. 2). 
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At Warton, the tidal flat substrate and the substrate at depth on the marsh again 
likely represent uniform, coarse, medium fine or silty sands (Hoek & Bray 
1974). In contrast, the higher φ’ (43.5°) at 0-30 cm depth at Warton may denote 
a more compacted, well-graded, uniform sand (Hoek & Bray 1974). While the 
surface particle size data agrees that the substrate is a fine sand on the tidal flat, 
it conversely shows that the marsh surface substrate is finer (Fig. 2). As a finer 
median particle size would usually be associated with a lower φ’ (Barnes 2010) 
and this is not the case (Table 1), this implies that the increased φ’ on the marsh 
surface may not be due to differences in the grain size, but rather due to either 
greater compaction or due to root properties. It is possible that the greater φ’ on 
the marsh surface compared to the φ’ at depth reflects compaction of the upper 
marsh stratigraphy due to grazing. Compaction by grazing is a well-known 
effect (e.g. Lambert 2000) and occurs due to the repeated trampling by animals. 
When compacted, there is greater interlocking between grains and therefore 
greater friction between the grains at particle contacts. As such, φ’ is expected to 
be higher (Knappett & Craig 2012). While some compaction is expected in 
deeper sediment layers due to autocompaction (compaction of the sediment 
under its own weight; Allen 1999), grazing-induced compaction at depth has 
been found to be negligible or absent (e.g. below 20 cm depth; Elschot et al. 
2013). Photographs of the Warton marsh stratigraphy highlight a notable change 
in color at around 20 cm depth (Fig. 3b), and therefore potentially changes in 
other substrate properties, such as compaction or particle size. To further assess 
the effects of grazing on compaction and thus, potentially, frictional strength at 
this site, a comparison of the consolidation and particle size characteristics of 
present-day, grazing-affected surface sediments with sediments derived from 
layers that pre-date grazing at Warton would be beneficial. 
The φ’ was consistently higher at Warton than at the equivalent locations at 
Tillingham. This can possibly be explained by sedimentological or biological 
factors, or a combination of both. Given that φr’ is also higher at Warton, this 
may imply that the explanation is sedimentological, rather than due to the 
impact of roots. Both larger particle sizes and a higher Uc can increase the φ’ of 
a substrate (Barnes 2010; Kara et al. 2013). While the larger d50 at Warton 
could contribute to a higher φ’, the Uc is lower at Warton. The lower Uc at 
Warton signifies that the substrate has less particle size variation and therefore 
particles will likely be less interlocked and have fewer interparticle contacts for 
a given normal load, compared to the substrate at Tillingham. Therefore, based 
on Uc alone, a lower φ’ would be expected at Warton, contrary to what is 
observed. The above explanation of compaction due to grazing could also 
explain the higher φ’ of the marsh sediments at Warton, compared to the 
ungrazed marsh at Tillingham.  
The c’ was lower on the tidal flat at both sites, in comparison to the salt marsh. 
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As c’ reflects the electrostatic forces between particles, particularly between 
clays, this could simply reflect the reduced clay content in the substrate on the 
tidal flat, compared to the marsh at both sites (Fig. 2). 
In all cases, φr’ is lower than φ’. Normally this reflects the clay bordering the 
failure plane as it softens and attains the critical state, along with reorientation of 
clay platelets parallel to the failure plane (Knappett & Craig 2012). However, 
here, the shear box test reflects an undisturbed sample with intact roots, whereas 
the ring shear sample comprised only the sediment component of the substrate. 
As such, it is possible that the removal of roots contributes to this loss of 
frictional strength. This is corroborated by the fact that the largest decrease in φ’ 
from the peak to the residual scenario occurred at the marsh surface, where the 
root mass was greatest (Table 2). While we know that roots increase the 
stabilize the marsh surface landward of the marsh edge (Ford et al. 2016), it has 
been proposed that roots can aid erosion at the marsh edge, when exposed and 
subjected to waves (Feagin et al. 2009). As such, it is important that models 
incorporate and quantify this dual role played by roots. 
The results presented here are comparable to estuarine silts at Bothkennar, 
where c’=1.5 kPa, φ’=34° and φr’=30° (Lehane & Jardine 1992; Hight et al. 
2003). The high angle of shearing resistance for both peak and residual values at 
Bothkennar, Warton and Tillingham may link to a high angular grain content 
and low platey clay content, however could also be reflecting root mass 
properties. Particle size and root content appear to influence substrate shear 
strength and may therefore have implications for salt marsh stability. 
Conclusion 
The above data demonstrate the value of accurate geotechnical information for 
the interpretation of modes of salt marsh erosion. Without information on the 
sedimentary properties and the geotechnical behavior of marsh and tidal flat 
substrates when these come under mechanical stress, it will not be possible to 
fully understand likely marsh and tidal flat stability, particularly under future 
wave impact scenarios. We present an initial analysis of substrate properties in 
two hydrodynamically-similar but sedimentologically-different marsh locations. 
Results will feed into a larger comparative study comprising detailed particle 
size analysis, loss on ignition, undrained shear strength tests, cohesive strength 
meter tests, consistency limits and consolidation tests. In doing so, we hope to 
be able to link spatial variations in substrate characteristics to observed vertical 
and lateral erosion on exposed salt marsh margins.  Future models of salt marsh 
retreat under particular environmental change scenarios should benefit from 
such an improved understanding of marsh behavior under mechanical forcing. 
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